Fulminant hepatitis is associated with a high mortality despite recent progress in development of treatment strategies. The molecular pathogenesis of massive hepatic necrosis is currently under extensive investigation using several animal models. Priming of heat-killed bacteria such as Propionibacterium acnes and a subsequent challenge with a low dose of lipopolysaccharide (LPS) induce acute and massive hepatic injury, mimicking fulminant hepatitis.
This injury consists of two phases, the early priming phase induced by injection of bacteria and the late excitation phase elicited by LPS (9, 25, 26) . At the priming phase, mononuclear cells infiltrate the liver lobules, leading to granuloma formation, and LPS injection causes acute lethality with massive hepatocellular damage (13, 38) . Administration of anti-tumor necrosis factor alpha (TNF-␣) antibody prior to LPS injection prevented acute lethality and hepatic injury, implying an important role of TNF-␣ in hepatic injury at the excitation phase (19, 26) . However, the role of TNF-␣, produced intrahepatically even during the priming phase (13) , remains to be investigated.
Liver damage in this model is histologically characterized by hepatocellular loss due to apoptosis and necrosis. TNF-␣ can induce apoptosis in a variety of target cells, including hepatocytes, through interaction with TNF receptor (TNFR) p55 (TNFRp55) (23) . Recently, activation of Fas, a TNFRp55-related molecule, has been also implicated in fulminant hepatic injury (14, 29) . TNFRp55 and Fas share the conserved intracellular death domain and have similar types of associated molecules in their pathways of signal transduction leading to apoptosis (6, 12, 18) . However, it remains an open question whether TNFR and Fas systems interact with each other to induce apoptosis, particularly in vivo (16, 34, 40) .
To address the role of TNF at the priming phase and the interaction between TNFR and Fas signalings in hepatic injury in vivo, we challenged P. acnes-primed TNFRp55 Ϫ/Ϫ or MRL/ MpJ Lpr/Lpr mice lacking functional Fas (27) with LPS. Herein, we provide evidence that the TNFRp55-mediated signal was indispensable for granuloma formation at the priming phase and that TNFR and Fas systems governed independently the process of hepatocellular apoptotic and necrotic changes at the later phase.
MATERIALS AND METHODS
Experimental reagents. LPS (Escherichia coli serotype O55:B5) was obtained from Difco Laboratories (Detroit, Mich.). P. acnes (ATCC 11828) was heat killed and lyophilized as previously described (19) . A purified hamster monoclonal agonistic anti-Fas antibody (Jo2) was purchased from Pharmingen (San Diego, Calif.).
Animals. TNFRp55 Ϫ/Ϫ mice ([C57BL/6 ϫ 129]F 1 ) were generated as previously described (32) and bred under pathogen-free conditions at the Animal Research Center of Kanazawa University. MRL/MpJ Lpr/Lpr (hereafter called Lpr/Lpr) and MRL/MpJ ϩ/ϩ (hereafter called ϩ/ϩ) mice were obtained from Sankyo Laboratories (Tokyo, Japan) and CLEA Japan Inc. (Tokyo, Japan), respectively. Eight-to 16-week-old TNFRp55 ϩ/ϩ (hereafter called the wild type) and homozygous TNFRp55 Ϫ/Ϫ mice or 6-to 7-week-old ϩ/ϩ and Lpr/Lpr mice were used for the experiments. All animal procedures in this study complied with the standards set forth in the guidelines for the care and use of laboratory animals on the Takara-machi Campus of Kanazawa University.
Experimental procedures. The mice received an intravenous injection of 1 mg of P. acnes suspended in 100 l of phosphate-buffered saline (PBS). Seven days later, the animals were given an intravenous injection of 1 g of LPS in 100 l of PBS to determine survival rates. In a separate series of experiments, the animals were randomly sacrificed at various time points for collection of sera and performance of histological analyses. At least three mice were examined at each time point. One microgram of LPS in 100 l of PBS was given intravenously to the control group (wild-type mice without P. acnes priming). Sera were kept at Ϫ20°C until the measurements were made.
In another series of experiments, both wild-type and TNFRp55 Ϫ/Ϫ mice were injected intravenously with 10 g of Jo2 in 100 l of PBS without P. acnes priming. Immediately after death, the liver was obtained for the histological examination.
Determination of serum ALT levels. Serum aminotransferase (ALT) levels were determined with a Fuji DRI-CHEM 5500V as instructed by the manufacturer (Fuji Medical System, Tokyo, Japan).
Histological examination of liver. Liver specimens were fixed with 10% neutral buffered formalin and embedded in paraffin. Deparaffinized thin sections from each paraffin block were stained with hematoxylin-eosin for histological examinations. All slides were evaluated by one of us without prior knowledge of the experimental procedures.
Quantification of hepatocyte DNA fragmentation. To quantify the extent of apoptosis characterized by DNA fragmentation, cytoplasmic oligonucleosomebound DNA was quantified by using an enzyme-linked immunosorbent assay (ELISA) kit as instructed by the manufacturer (Boehringer Mannheim). In brief, the cytoplasmic fraction (angle rotor, 4°C, 15 min, 13,000 ϫ g supernatant) from liver tissue passed through screens of 150-m-pore-size stainless steel was used as the antigen source in an ELISA. From the absorbance values, the percentage of fragmentation in comparison to controls was calculated as previously described (21) .
Statistical analysis. Data are expressed as the average Ϯ 1 standard deviation. Statistical significance of the serum ALT level was analyzed by two-way analysis of variance followed by the Scheffe multiple-comparison procedure.
A generalized Wilcoxon test of Kaplan-Meier curves was used to evaluate the statistical significance of survival rates.
RESULTS

Protection against lethality and acute liver injury in TNFRp55
؊/؊ mice. About 60% of P. acnes-primed wild-type mice (n ϭ 33) succumbed to LPS administration within 24 h, whereas all TNFRp55 Ϫ/Ϫ mice (n ϭ 23) survived until 72 h after LPS administration (Fig. 1) . In wild-type mice, a slight elevation in serum ALT levels (120 Ϯ 28 IU/liter) was observed at 7 days after they were primed with P. acnes, and LPS treatment further increased serum ALT levels, which reached a maximum of 775 IU/liter 6 h after the challenge in wild-type mice (Fig. 2) . However, control wild-type mice, which received only LPS without P. acnes priming, exhibited marginal elevation in serum ALT levels, which reached 54 Ϯ 10 IU/liter 6 h after injection. In contrast, in TNFRp55 Ϫ/Ϫ mice, serum ALT remained at normal levels at the early priming or the late excitation phase (Fig. 2) . These results demonstrated that TNFRp55 was involved in P. acnes-induced liver injury at the early phase as well as in LPS-induced mortality.
Histopathological changes of liver in TNFRp55
؊/؊ and wild-type mice. Histopathological examination revealed no distinct pathological changes in livers from either untreated wildtype or TNFRp55 Ϫ/Ϫ mice ( Fig. 3a and e). At 7 days after P. acnes administration, mononuclear cells, mainly macrophages infiltrated massively into portal tracts, focal hepatocellular necrosis, and small granulomas consisting of epithelioid cells and lymphoid cells were detected in the hepatic lobules and to a lesser degree in portal tracts in wild-type mice, consistent with previous reports (4, 37) (Fig. 3b) . In contrast, little if any infiltration of mononuclear cells was observed in livers from TNFRp55 Ϫ/Ϫ mice 7 days after priming with P. acnes (Fig. 3f) . Moreover, no apparent granuloma formation was evident even at this time point in these mutant mice.
At 6 h after LPS challenge, livers from P. acnes-primed wildtype mice exhibited apoptosis of hepatocytes, characterized morphologically by the formation of intracellular apoptotic bodies, condensation of chromatin, and fragmentation of the cells accompanied by massive infiltration of mononuclear cells, mostly lymphocytes ( Fig. 3c and d) . In addition, cytolytic and coagulative necrosis of hepatocytes were also observed variably. Moreover, histological examination revealed the presence of thrombi in the portal vein and endotheliitis consisting of adhesion and extravasation of neutrophils and lymphocytes to the hepatic vein endothelium (Fig. 3c) . In contrast, at 6 h after LPS challenge, P. acnes-primed TNFRp55 Ϫ/Ϫ mice exhibited little mononuclear cell infiltration in portal tracts and neither thrombus nor endotheliitis in the liver. Furthermore, apoptosis and necrosis of hepatocytes were scarcely detectable (Fig. 3g) . However, only mice given LPS without P. acnes priming showed the hyperplastic change of Kupffer cells, slight intrasinusoidal infiltration of neutrophils, and little hepatic parenchymal injury (Fig. 3h) . These results suggest that the TNFRp55-mediated signal is involved in monocyte/macrophage infiltration and granuloma formation at the priming phase and/or in apoptosis and necrosis of hepatocytes at the excitation phase in this model. (Fig. 4) . At the same time point, livers from Lpr/Lpr as well as ϩ/ϩ mice exhibited obvious mononuclear cell infiltration and granuloma formation (data not shown). Both groups exhibited a marked increase in serum ALT levels 6 h after LPS challenge (ϩ/ϩ, 2,303 IU/liter; Lpr/Lpr, 1,180 IU/liter) (Fig. 4) . However, all Lpr/Lpr and ϩ/ϩ mice survived until 72 h after LPS challenge, probably because the MRL/MpJ background may confer greater resistance to the effects of liver injury than in C57BL/6 and 129 strains. Of note is that the defect in Fas resulted in a 50% reduction in the elevation of serum ALT levels. Histologically, livers from both groups of mice exhibited apoptosis and cytolytic or coagulative necrosis of hepatocytes in liver 6 h after LPS challenge (Fig. 5) . However, there were fewer apoptotic and necrotic hepatocytes in Lpr/Lpr mice ( Fig.  5c and d ) than in ϩ/ϩ mice ( Fig. 5a and b) . The quantification of fragmented DNA revealed that the amount of apoptosis in ϩ/ϩ mice was significantly greater than that in Lpr/Lpr mice 6 h after LPS administration (Table 1) . Subsequently, the amount of fragmented DNA decreased gradually and returned to a level comparable to that in P. acnes-primed mice within 24 to 48 h. Thus, Fas may contribute to the establishment of liver injury in this model, and apoptosis of hepatocytes can occur independently of Fas.
Lethal effect of the anti-Fas antibody in TNFRp55
؊/؊ and wild-type mice. Finally, to investigate the role of TNFRp55 in Fas ligand (FasL)-Fas-mediated liver injury, we injected intravenously the agonistic anti-Fas antibody Jo2 into wild-type and TNFRp55 Ϫ/Ϫ mice without P. acnes priming. Consistent with a previous report (29) , Jo2 induced massive panlobular apoptosis and hemorrhagic changes in all wild-type mice ( Fig. 6a and  b) , leading to death within 4 h. Similar pathological changes were observed in all TNFRp55 Ϫ/Ϫ mice treated with Jo2 ( Fig.  6c and d) , and all succumbed to Jo2 administration within 4 h. Thus, the Fas system does not require priming and could induce apoptosis of hepatocytes independently of TNFRp55.
DISCUSSION
Hepatic damage accompanied by septic shock causes multiple organ failure, leading to high mortality (41) . Massive liver injury is well characterized pathologically by heavy infiltration of mononuclear phagocytes into lobules and severe parenchymal damage. However, the pathogenesis of massive hepatic injury such as fulminant hepatitis remains to be investigated.
LPS challenge after P. acnes priming in mice causes massive liver injury (9), characterized by macrophage/monocyte activation, intravascular coagulopathy, and concomitant release of mediators such as TNF or interleukin-1 (IL-1). These liver injuries pathologically mimic fulminant hepatitis in humans, particularly that associated with septic shock, and this model is one of the most popular animal models for investigation of the mechanisms of this type of hepatitis. This animal model consists of two phases, priming and eliciting. The crucial role of TNF-␣ at the eliciting phase was demonstrated by the observation that acute lethality was blocked with a neutralizing anti-TNF-␣ antibody (26) . Previously, we showed that TNF-␣ was immunohistochemically detected in hepatocytes at both the priming and eliciting phases (13) . However, the precise role of TNF-␣ at the priming phase remains to be investigated. In the current study, we obtained definitive evidence that TNFRp55 is crucially involved in P. acnes-induced mononuclear cell infiltration and granuloma formation as well as LPSinduced apoptotic changes of hepatocytes. Moreover, we demonstrated that TNF-TNFR and FasL-Fas systems contribute independently to the process of apoptotic and necrotic changes of hepatocytes.
Granuloma, histologically composed of cells of the monocyte lineage such as macrophages, epithelioid cells, and giant cells together with lymphocytes (3), is formed under the control of various immunological and inflammatory mediators, including proinflammatory cytokines. A previous report suggested that mononuclear cells accumulated in the liver at 7 days after P. acnes injection are LFA-1-or Mac-2-positive activated macrophages (26, 36) . Results of treatment with a neutralizing TNF-␣ antibody (20) or TNF-␣ (2) suggested that TNF-␣ is one of the central mediators of the activation of macrophages, leading to formation of granuloma in several animal models. Supporting this notion, few mononuclear cells infiltrated the livers of TNFRp55 Ϫ/Ϫ mice after priming with P. acnes in our experiment. TNF regulates the functions and expression of adhesion molecules (28) and the production of cytokines, leading to the activation of macrophages. Thus, the lack of TNFRp55 may impair the migration of leukocytes into liver lobules, resulting in no granuloma formation in the liver even 7 days after P. acnes injection, whereas primed wild-type mice exhibited massive mononuclear infiltration into the portal tract and hepatocellular necrosis and granuloma in hepatic lobules.
In contrast with these results, Flynn et al. reported that infection of TNFRp55 Ϫ/Ϫ mice with Mycobacterium tuberculo-
Time-related kinetic changes of serum ALT levels (average Ϯ standard deviation) in P. acnes-primed Lpr/Lpr and ϩ/ϩ mice after LPS injection. Serum ALT levels in ϩ/ϩ (n ϭ 3 at each time point) and Lpr/Lpr (n ϭ 3) mice were measured as described in Materials and Methods. ‫,ءء‬ P Ͻ 0.01.
FIG. 3. Histopathological analyses of livers from wild-type (a to d) and TNFRp55
Ϫ/Ϫ (e to g) mice in the P. acnes-primed LPS-induced model and in LPS-treated control mice (no P. acnes priming). Livers were obtained from nontreated mice (a and e [magnifications, ϫ50 and, for the insets, ϫ150]), P. acnes-primed mice 7 days after injection (b and f [ϫ50 and ϫ150]), and mice sequentially injected with LPS at 6 h (c [ϫ50 and ϫ150], d [ϫ160 and ϫ480], and g [ϫ50 and ϫ150]). Cytolytic and coagulative necrosis of hepatocytes is present in panel c (arrowheads). Nuclear fragmentation suggestive of apoptosis is seen in panel d (arrows). Panel h (ϫ200) shows the histological changes in wild-type mice 6 h after LPS administration without P. acnes priming. Hyperplastic changes of Kupffer cells (arrowhead) and mild intrasinusoidal infiltration of neutrophils (arrow) are seen.
sis induced granuloma in the lung, liver, and spleen, although the granulomas caused by M. tuberculosis in livers of TNFRp55 Ϫ/Ϫ mice were loosely organized and lacked epithelioid cells (11) compared with those in control wild-type mice. Differences in experimental conditions might cause the discrepancy. Flynn et al. used mice backcrossed to the C57BL/6 strain, which is genetically distinct from our mice ([C57BL/6 ϫ 129]F 1 ). Moreover, they used live M. tuberculosis, whereas heat-killed P. acnes was used in our experiments. Gamma interferon (IFN-␥) and IL-12 in addition to TNF-␣ have been suggested to be involved in granuloma formation in response to various invasive microorganisms (5, 7, 10, 30) , although the precise molecular mechanism has not been determined.
The activities of TNF are mediated by two distinct receptors, TNFRp55 and TNFRp75. Although the extracellular domains of both receptors have considerable homology, the divergent intracellular domains are presumed to account for distinct biological actions due to association of different sets of signaling molecules (33, 35) . Moreover, TNFRp75 can mediate the signals from the transmembrane form of TNF-␣ (15), which is mainly expressed on strongly activated macrophages (39) , suggesting a potential role of TNFRp75 in local inflammatory reactions. However, TNFRp55
Ϫ/Ϫ mice did not develop liver injury in this model, similar to what was observed for LPS challenge after D-galactosamine sensitization (31, 32) . Moreover, D-galactosamine-sensitized TNFRp75 Ϫ/Ϫ mice succumbed to LPS challenge similarly to control wild-type mice (8) . These results imply that TNFRp75 and transmembrane TNF-␣ have little, if any, role in the liver injury caused by LPS challenge after either P. acnes priming or D-galactosamine sensitization.
LPS challenge induced apoptosis of hepatocytes in wild-type mice as in other liver injury models, where TNF induced apoptosis of hepatocytes at the early stage of organ damage, resulting in massive secondary necrosis (21, 22) . TNF-␣ and FasL (CD95L/Apo-1L) bind their specific receptors, TNFRp55/p75 and Fas, respectively. Both TNFRp55 and Fas, members of the nerve growth factor/TNF receptor superfamily (27) , share a conserved intracellular death domain and deliver signals leading to apoptosis (12) . Accumulating evidence suggests the potential involvement of Fas in liver injury. Fas expression is increased in livers from patients with fulminant hepatitis (14) or chronic hepatitis C (17) . Moreover, treatment of mice with an anti-Fas antibody caused fulminant hepatic failure (29) . In LPS-induced hepatitis in D-galactosamine-sensitized mice, TNFRp55 and Fas are independently and differentially regulated to trigger apoptosis of hepatocytes (24) . However, in LPS-induced hepatic injury after P. acnes priming, the role of Fas, particularly with a respect to apoptotic hepatic injury, has not been determined. Hence, we challenged P. acnes-primed Lpr/Lpr mice, which lack functional Fas, with LPS. Lpr/Lpr mice exhibited granuloma formation and hepatic injury accompanied by hepatocyte apoptosis, although the injury and apoptotic changes but not granuloma formation were 50% less than in ϩ/ϩ mice. Lpr/Lpr mice exhibited LPS-induced liver injury, as evidenced by the significant elevation of serum ALT levels, although the increase was much less than in control mice. These results suggest that Fas antigen does not have a pivotal role in the pathogenesis of this type of liver injury. However, since lpr, a leaky mutation (1), results in the expression of extremely low levels of Fas antigen, we cannot rule out the remote possibility that remaining Fas antigen is responsible for the observed liver injury in Lpr/Lpr mice.
Since TNFRp55 and Fas share signal molecules for inducing apoptosis, we further investigated the effects of an agonistic anti-Fas antibody on liver in TNFRp55 Ϫ/Ϫ mice. The antibody could induce massive apoptosis followed by death in TNFRp55 Ϫ/Ϫ mice as observed in wild-type mice, implying that Fas can induce apoptosis independently of TNFRp55.
Based on these observations, we postulate the mechanism of LPS-induced liver injury in P. acnes-primed mice to be as follows (Fig. 7) . Signals through TNFRp55 at the priming phase induce mononuclear cell infiltration and granuloma formation, and possibly the production of several cytokines, including IL-12 and IFN-␥-inducing factor. Subsequent LPS challenge augments the production of TNF-␣, which, together with Fas, mediates hepatocyte apoptosis and necrosis. In conclusion, we have provided definitive evidence that TNFRp55 but not Fas is crucially required for granuloma formation induced by priming with P. acnes and that subsequent LPS challenge causes liver cell apoptosis and injury mainly through interacting with TNFRp55. Moreover, agonistic anti-Fas antibody induced massive hepatic injury in both TNFRp55
Ϫ/Ϫ and wild-type mice without any priming, further supporting the conclusion that TNF and Fas can independently induce apoptosis of hepatocytes, even in vivo.
